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We report on the coherence of Greenberger-Horne-Zeilinger (GHZ) states comprised of up to 8 qubits in
the IBM ibmqx5 16-qubit quantum processor. In particular, we evaluate the coherence of GHZ states with
N = 1, . . . , 8 qubitsa, as a function of a delay time between state creation and measurement. We find that the
decay in coherence occurs at a rate that is linear in the number of qubits. This is consistent with a model in
which the dominant noise affecting the system is uncorrelated across qubits.
I. INTRODUCTION
Prototype quantum processors based on superconducting
qubits [1, 2], and in particular transmon-related qubits, have
become a leading platform for experimentally testing ideas
in quantum information processing. The creation of a 10-
qubit entangled state with transmon qubits has recently been
demonstrated [3]; this followed earlier demonstrations of 3-
qubit and 5-qubit entanglement [4–6] with superconducting
qubits. There are near-term plans to construct machines capa-
ble of entangling up to 49 qubits [7], and it is expected that a
processor with 49 qubits on a 2D lattice may, if the gate fideli-
ties and qubit decoherence meet certain conditions, result in a
demonstration of quantum computational supremacy [8, 9].
Studying the coherence of many-qubit entangled states can
provide insight into the nature of the noise to which the qubits
are exposed. The properties of the noise in a quantum com-
puter can have profound implications for the error correction
required to operate the computer fault-tolerantly [10–18]. The
strength and type of noise is also relevant in determining if a
particular processor is performing a sampling task that is hard
to simulate classically [9]. GHZ states [19, 20] are canonical
multi-particle entangled states in quantum information. They
have been studied for their connection with the foundations of
quantum mechanics and entanglement, but are also of interest
in metrology [21, 22]. In this paper we study the decoherence
of GHZ states in a 16-qubit superconducting processor; our
choice of GHZ states is motivated both by the widespread ap-
pearance of GHZ states in the quantum information literature,
and because a very similar study to the present one has been
conducted with trapped-ion qubits, by Monz et al. [23], and
we would like to allow easy comparison with their results.
II. METHODS
We investigate the coherence of N -qubit Greenberger-
Horne-Zeilinger (GHZ) states of the form |ψ〉 =
∗ asier.ozaeta@qcware.com
† pmcmahon@stanford.edu
a In the cases of N = 1 and N = 2, one might formally call the states we
studied GHZ-like, or generalizations of GHZ states, since a GHZ state is
only defined forN ≥ 3.
1√
2
(|0 . . . 0〉+ |1 . . . 1〉) on the ibmqx5 16-qubit proces-
sor from IBM [24]. We used a very similar procedure to
evaluate the coherence to that described in Ref. [23], which
we outline below.
We perform, for each N , a set of experiments that to-
gether allows us to quantify how quickly the N -qubit GHZ
state decoheres. The quantity we measure is the coherence
C of the GHZ state as a function of a delay time τ between
state generation and a parity measurement that depends on
the coherence. By the coherence C(N, τ) of the GHZ state,
we mean specifically the following: the GHZ state under
consideration can be represented by a density matrix ρ(N,τ),
and C(N, τ) is defined as the sum of the amplitudes of the
far-off-diagonal elements ρ(N,τ)11···1,00···0 and ρ
(N,τ)
00···0,11···1, i.e.,
C(N, τ) :=
∣∣∣ρ(N,τ)11···1,00···0∣∣∣+ ∣∣∣ρ(N,τ)00···0,11···1∣∣∣.
In particular, for each N ∈ {1, 2, . . . , 8}, we run a circuit
which itself has two parameters: a delay time τ , and an analy-
sis angle φ. The circuit consists of four stages: (i) generate an
N -qubit GHZ state of the form (|0 . . . 0〉+ |1 . . . 1〉 /√2); (ii)
introduce a delay τ ; (iii) rotate each qubit using the single-
qubit unitary operator U(φ), and (iv) measure each qubit in
the computational basis {|0〉 , |1〉}. This circuit is run with
varying τ , and for each τ , it is run with φ ranging from φ = 0
to φ = pi, and for each combination of N , τ , and φ, the cir-
cuit is run multiple times to obtain sufficiently low statistical
errors in the measurement results.
We aim to access information about the coherence C(N, τ)
of the GHZ states; one convenient approach to measuring the
coherence is to measure the amplitude of parity oscillations
[23, 25, 26]. Each qubit of a generated GHZ state is rotated
by
U(φ) = cos
(pi
4
)
I + i sin
(pi
4
)(
0 e−iφ
eiφ 0
)
. (1)
These rotations induce oscillations in a measurable quantity
called the parity P := Peven − Podd as the phase φ is varied.
Here Peven/odd correspond to the probabilities of finding the
measured bitstring with an even/odd number of 1’s. The am-
plitude of these oscillations is a direct measurement of the co-
herence C(N, τ) for a GHZ state with given number of qubits
N and a delay since generation τ .
We investigate the coherence of each GHZ state as a func-
tion of time by varying the delay between creation and co-
herence measurement. In the experimental device under
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2FIG. 1. The layout of the ibmqx5 device, with the numbering of
qubits used in this study. Lines show the direction in which CNOT
gates are allowed between pairs of qubits, where a → b means that
a CNOT gate with Qubit a as control and Qubit b as target can be
performed.
consideration, the observed coherence decay is exponential,
and can be characterized by a coherence time parameter
T
(N)
2 , which we obtain by fitting an exponential function
∝ exp
(
−t/T (N)2
)
to the observed C(N, τ) data. This T (N)2
value is then compared with that of a single qubit; if the dom-
inant noise source affecting the qubits is not correlated spa-
tially, then one expects T (N=1)2 /T
(N)
2 = N . This can be
interpreted as the coherence time of an N -qubit GHZ state
decreasing linearly with the number of qubits, or equivalently
that the decoherence rate increases linearly with the number
of qubits.
We now describe some specifics about implementing the
protocol described above on the ibmqx5 device. The ibmqx5
[24] is a 16-qubit device in which every qubit can interact with
at least two nearest neighbors via Controlled-NOT (CNOT)
gates. The qubits are arranged in a 2 × 8 square lattice, with
connectivity as shown in Fig. 1. The connections between
qubits have directionality: a → b means that only a CNOT
with Qubit a as control and Qubit b as target is supported. To
circumvent this limitation, one can apply Hadamard gates to
the qubits acting as control and target before and after apply-
ing the CNOT gate in order to switch the direction.
This architecture allows for the generation of a 16-qubit
GHZ state in principle. However, the finite gate fidelities in
the device limit the size (N ) of GHZ state that can be mean-
ingfully prepared and analyzed in practice. In order to maxi-
mize initial fidelity we explored different gate paths to attempt
to minimize the number of gates used to prepare the GHZ
state. We used the QISKit SDK [27] and the OpenQASM lan-
guage for programming and running our circuits.
Fig. 2 shows the circuit we used for generating and analyz-
ing the 5-qubit GHZ state. For the N = 5 case, we used the
physical qubits {1, 2, 3, 4, 5}, and owing to the directionality
restrictions shown in Fig. 1, this is a case in which the state
generation required some additional gates beyond those in a
canonical GHZ preparation circuit. The GHZ state is gener-
ate using a combination of Hadamard and CNOT gates. Be-
cause of the direction of the connection between the 4th and
5th physical qubits we are forced to include extra Hadamard
gates to flip the control and target of the CNOT gate. A de-
lay τ is realized via the application of multiple identity op-
erations. Each identity operation has the same duration as a
single-qubit rotation gate (80 ns) and is followed by a 10-ns
buffer time, which corresponds to a total delay of 90 ns per
identity operation. The U rotation needs to be implemented
FIG. 2. Circuit used for the generation and analysis of GHZ states.
The specific realization here is for the caseN = 5 qubits. The circuit
shows only a single identity gate for simplicity; in practice the delay
τ is implemented via the application of multiple fixed-time identity
gates.
using the standard gates provided by the IBM API. We use
the ibmqx5 standard unitary operator U3(θ, λ, φU3), which is
defined as follows:
U3(θ, λ, φU3) :=
(
cos θ2 −eiλ sin θ2
eiφU3 sin θ2 e
i(λ+φU3 ) cos θ2
)
. (2)
When θ = pi/2, φU3 = −λ, and λ = −φ − pi/2, then
U3(θ, λ, φU3) = U(φ), which is the desired rotation. Finally,
we measure the qubits.
We choose which of the physical qubits of the available 16
to use as follows. For GHZ states with N ∈ {1, 2, . . . , 6},
the qubits that comprise the GHZ states begin at qubit 1
and follow the numbering of the device up to N . For the
N = 7, 8 GHZ states, we choose the physical qubits that max-
imize the coherence C(N, τ = 0). Specifically, we used the
chain (4, 13, 12, 11, 10, 9, 8) of physical qubits forN = 7 and
(3, 4, 13, 12, 11, 10, 9, 8) for N = 8.
III. RESULTS AND DISCUSSION
Using the methods described above we experimentally
measure the parity oscillations as a function of the phase of
the rotation φ, first with no delay (τ = 0) between generation
and measurement. A sinusoid is fit to the data for each N .
This is shown in Fig. 3. The amplitude of the fitted sinusoid
corresponds to the coherence C(N, 0), since in this case the
delay is zero. The coherence has a maximum value of 1. Each
point in the figure was obtained by performing n = 1000 runs
of the circuit, and an averaging of the results. In order to accu-
rately fit the amplitudes of the parity oscillations, we sampled
4N +1 points for each N -qubit GHZ state. The period of the
oscillations, T (N), decreases with N as T (N) = 2pi/N . We
may get an estimation of the statistical error as a dispersion
around the mean. We estimate the error of each point based on
the mean parity Peven/odd values and the number of data sam-
ples per point n as δPeven/odd :=
√
Peven/odd(1− Peven/odd)/n.
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FIG. 3. Parity oscillations for each of the N = 1, . . . , 8-qubit GHZ
states generated on the ibmqx5, with delay τ = 0. A sinusoid with
fixed frequency, but free amplitude and phase variables, was fit to the
data points for each N .
For every N , we expect that the parity P will be equal to 0
when φ = 0. However, for several values of N we observed a
shift in the oscillations, such that P = 0 for values of φ 6= 0.
The coherence of each GHZ state with no delay C(N, 0),
as obtained from the oscillations amplitudes in Fig. 3, is
plotted in Fig. 4 as a function of N , and decreases approx-
imately linearly with N (we obtain a linear fit C(N, 0) ≈
0.88 − 0.12(N − 1) = 1 − 0.12N ). Deviations from the
linear trend can be partially attributed to the differences in fi-
delity for gates applied to different physical qubits, as well as
to the fact that for some N , more than N gates were used to
generate the GHZ states due to the need to reverse the control
and target qubits on some CNOT gates. We attribute the lin-
ear decrease of the initial coherence of the GHZ states to the
linear number of quantum gates used to generate these states.
In this paper we studied GHZ states up to size N = 8,
even though the ibmqx5 chip has an architecture that could
theoretically allow the generation of GHZ states as big asN =
16. The reason for this is our inability to obtain clear parity
oscillations for the N = 9 case even after trying different
combinations of physical qubits. The measured parity values
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FIG. 4. Decay of the amplitude of the parity oscillations, which is
the initial coherence C(N, 0), as a function of the size N of each
GHZ state. The dashed black line is a linear fit.
no longer fit well to a sinusoid (see Appendix A), and so the
initial (zero-delay) coherence C(N = 9, 0) cannot be reliably
measured. This inhibits meaningful assessment of how the
coherence for states with N ≥ 9 changes with added delay.
For each N = 1, . . . , 8, we measure how the coherence
C(N, τ) reduces as a function of time by varying a delay τ
between the generation and rotation of the GHZ states. The
coherence reductions are manifest as reductions in measured
parity oscillations as a function of τ ; for each τ , we fit si-
nusoids to the parity oscillations and extract the fitted ampli-
tudes, as we did for the case of τ = 0 in Fig. 3. The decay of
C(N, τ) as a function of τ , for each N , is shown in Fig. 5(a).
For each N , we fit an exponential decay function to the mea-
sured C(N, τ) data points: cinitN exp
(
−t/T (N)2
)
, where cinitN
is the fit parameter that characterizes the initial GHZ state co-
herence, and T (N)2 is the fitted coherence time for theN -qubit
state. Fig. 5(b) also shows the decay of coherence with τ , but
normalizes the coherence to 1 at τ = 0 (normalizing out the
difference in initial fidelity between the GHZ states of differ-
ent sizeN ), so that the monotonic increase in decay rates with
N can be seen more easily by eye.
The delay ranges that can be measured for the different
number of qubits are limited either by our ability to measure
clearly the coherence for a given τ or chosen based on our
having measured sufficiently many data points to obtain a re-
liable T (N)2 fit (N = 1, 2, 3).
The scaling of the N -qubit GHZ decoherence rate 1/T (N)2 ,
normalized by the single-qubit decoherence rate 1/T (N=1)2 , is
shown as a function ofN in Fig. 6. We have fitted three differ-
ent functions ofN to the data: (i.) a linear function (βN+α),
(ii.) a quadratic function with the linear term set to zero
(γN2 + α), and (iii.) a quadratic function with the constant
term set to zero (γN2+βN ). If the sources of decoherence for
each qubit are independent, then the expected scaling in Fig. 6
is linear. In contrast, if the system exhibits superdecoherence
due to non-zero correlation in the noise, then a quadratic scal-
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FIG. 5. (a.) Coherence decay for GHZ states with different numbers
of qubits as a function of the delay τ . The points are from measured
data and the dashed lines correspond to exponential fits for each N .
The error bars correspond to the errors of the fits to the parity os-
cillations for each N and τ . (b.) Same as above, except now the
coherence C(N, τ) is plotted as a normalized quantity with respect
to the zero-delay coherence C(N, 0). This allows for easier visual
comparison of the decay rates for each N .
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FIG. 6. The measured decoherence rate 1/T (N)2 of each N -qubit
GHZ state as a function of N , normalized by the decoherence rate
for a single qubit, 1/T (N=1)2 .
ing may be expected. Fit (i.) has coefficient of determina-
tion R2 = 0.996, and the 99% confidence interval for the
linear coefficient β is [0.968, 1.148]. Fit (ii.) has R2 = 0.983,
and the 99% confidence interval for the quadratic coefficient
γ is [0.113, 0.160]. Fit (iii.) has R2 = 0.998, and the 99%
confidence intervals are [0.561, 1.103] and [−0.007, 0.075]
for the linear (β) and quadratic (γ) coefficients respectively.
While we cannot completely rule out that the true scaling of
T
(N=1)
2 /T
(N)
2 is non-linear, we note that the data presented
in Fig. 6 is well-fitted by a linear function, and the confi-
dence interval of the slope is consistent with linear scaling
T
(N=1)
2 /T
(N)
2 = N .
We note that Fig. 2(b) in Ref. [23], which describes the in-
crease in decoherence rate as a function of N for a trapped-
ion experiment, is directly comparable to Fig. 6 in this paper,
since the data were arrived at using nearly identical proce-
dures.
IV. CONCLUSIONS
In conclusion, we have analyzed the decay in coherence of
GHZ states with up to 8 qubits in the ibmqx5 quantum com-
puter. We find a linear increase in decoherence rate with the
number of qubits, namely T (N=1)2 /T
(N)
2 = N . The work of
Monz et al. [23] showed that GHZ states exhibited superde-
coherence in a quantum processor comprised of 40Ca+ ions,
where each qubit was encoded in the electronic states S1/2
and D5/2 of a single ion. Since these states are not insensi-
tive to magnetic fields, fluctuations in the current in Helmholtz
coils (which form part of the experimental apparatus) lead
to correlated dephasing noise for all the qubits. The use of
magnetic-field insensitive (“clock”) states, or decoherence-
free subspaces, can be used to mitigate the deleterious ef-
fects of magnetic-field noise in trapped-ion processors [28].
However, our results provide evidence that superconducting
processors constructed from single-junction transmons do not
need further engineering to avoid superdecoherence (at least
in the design and scale of the ibmqx5 system). This conclu-
sion is consistent with current understanding of the known
dominant sources of decoherence for IBM’s transmon qubits
[29], which are thought to act independently on each qubit.
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FIG. 7. Parity measurement as a function of φ for the N = 9
GHZ state. An attempt to fit a sinusoid to the measured data doesn’t
yield meaningful amplitude or phase parameters because a single-
frequency oscillation is not apparent in the data. This is indicative of
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FIG. 8. Circuit used for the realization of the N = 9-qubit case.
The delay, rotation, and measurement parts are not displayed. The
labels correspond to the physical qubit numbers.
Appendix A: 9-qubit GHZ-state generation
In this paper we study GHZ states of size 1 ≤ N ≤ 8, even
though the ibmqx5 chip contains 16 qubits and a connectiv-
ity between them that in principle allows generation of GHZ
states with N up to 16. The reason for this is our inability
to obtain clear parity oscillations for the N = 9 case, despite
attempts we made using different combinations of physical
qubits. Fig. 7 shows the oscillations that we observe for zero
delay using the physical qubits {4, 3, 14, 13, 12, 11, 10, 9, 8},
and the corresponding sinusoidal fit. The points do not appear
to follow a sinusoidal oscillation as a function of φ. The am-
plitude of the parity is also considerably reduced with respect
to the 1 ≤ N ≤ 8 cases. The circuit used to implement the
N = 9 GHZ state is shown in Fig. 8. We attribute our failure
to observe parity oscillations for the N = 9 GHZ state to the
ibmqx5 chip having insufficient quantum volume [30].
Appendix B: Fitted T (N)2 values
Table I lists the specific numerical values of T (N)2 that were
obtained in our experiments. These values characterize the
coherence times of N -qubit GHZ states in the processor.
N T
(N)
2 [µs]
1 48.34 ± 1.56
2 26.15 ± 1.67
3 16.11 ± 0.89
4 12.25 ± 0.62
5 10.83 ± 0.75
6 7.63 ± 0.36
7 6.32 ± 0.83
8 5.49 ± 0.38
TABLE I. Fitted values of T (N)2 (the coherence times of N -qubit
GHZ states) from the data in Fig. 5.
Appendix C: Theoretical evaluation of expected T (N)2 values
Table II lists the theoretical expectation of T (N)2 based on
detailed calibration data from the IBM quantum experience
at the time of the measurements. We obtain T (N)2 from the
coherence times of the individual qubits. These values are
comparable to the fitted values of the previous section.
Assuming that errors are uncorrelated, we take into con-
sideration T1, T2, gate errors, and readout errors to calculate
the initial coherence. The coherence values show that the re-
quirement for more gates to generate the GHZ state causes an
increased time for the system to decohere.
N T
(N)
2 [µs]
1 44.4
2 24.52
3 17.21
4 14.75
5 10.97
6 9.88
7 5.99
8 5.40
TABLE II. Calculated values of T (N)2 , obtained from the calibration
data.
Appendix D: Log-scale plots
Fig. 9 shows a re-plotting of Fig. 5 on a log scale; this al-
lows for easier visual inspection that the decays are indeed
exponential.
60 10 20 30 40
Delay τ [µs]
10−1
100
C
oh
er
en
ce
C
(N
,τ
)
(a)
N = 1
N = 2
N = 3
N = 4
N = 5
N = 6
N = 7
N = 8
0 10 20 30 40
Delay τ [µs]
100
2× 10−1
3× 10−1
4× 10−1
6× 10−1
C
oh
er
en
ce
C
(N
,τ
)/
C
(N
,0
)
(b)
N = 1
N = 2
N = 3
N = 4
N = 5
N = 6
N = 7
N = 8
FIG. 9. Re-plotting of the data of Fig. 5 on a log scale.
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